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In this work we construct 36 tetraquark configurations for the 1S -, 1P-, and 2S -wave states, and make a
prediction of the mass spectrum for the tetraquark sss¯s¯ system in the framework of a nonrelativistic potential
quark model without the diquark-antidiquark approximation. The model parameters are well determined by our
previous study of the strangeonium spectrum. We find that the resonances f0(2200) and f2(2340) may favor the
assignments of ground states T(sss¯s¯)0++ (2223) and T(sss¯s¯)2++ (2381), respectively, and the newly observed X(2500)
at BESIII may be a candidate of the lowest mass 1P-wave 0−+ state T(sss¯s¯)0−+ (2481). Signals for the other 0++
ground state T(sss¯s¯)0++ (2441) may also have been observed in the φφ invariant mass spectrum in J/ψ → γφφ at
BESIII. The masses of the JPC = 1−− Tsss¯ s¯ states are predicted to be in the range of ∼ 2.44 − 2.99 GeV, which
indicates that the φ(2170) resonance may not be a good candidate of the Tsss¯s¯ state. This study may provide a
useful guidance for searching for the Tsss¯s¯ states in experiments.
PACS numbers:
I. INTRODUCTION
From the Review of Particle Physics (RPP) of Particle Data
Group [1], above the mass range of 2.0 GeV one can see
that there are several unflavored qq¯ isoscaler states, such as
f0(2200), f2(2150), f2(2300), f2(2340) etc., dominantly de-
caying into φφ, ηη, and/or KK¯ final states. The decay modes
indicate that these states might be good candidates for conven-
tional ss¯ meson resonances. Recently, we carried out a sys-
tematical study of the mass spectrum and strong decay prop-
erties of the ss¯ system in Ref. [2]. It shows that these states
cannot be easily accommodated by the conventional ss¯ meson
spectrum. While they may be candidates for tetraquark sss¯s¯
(T sss¯s¯) states, it is easy to understand that they can fall apart
into φφ and ηη final states through quark rearrangements, or
easily decay into KK¯ final states through a pair of ss¯ anni-
hilations and then a pair of light quark creations. The mass
analysis with the relativistic quark model in Ref. [3] supports
the f0(2200), and f2(2340) to be assigned as the T sss¯s¯ ground
states with 0++ and 2++, respectively. However, a relativized
quark model calculation [4] only favors f2(2300) to be a T sss¯s¯
state.
Some other candidates of the T sss¯s¯ states from experiment
are also suggested in the literature. For example the vector
meson resonance φ(2170) listed in RPP [1] is suggested to
be a 1−− T sss¯s¯ state based on the mass analysis of QCD sum
rules [5–9], and flux-tube model [10]. The newly observed
X(2239) resonance in the e+e− → K+K− process at BE-
SIII [11] is suggested to be a candidate of the lowest 1−− T sss¯s¯
state in a relativized quarkmodel [4]. Moreover, the newly ob-
served resonances X(2500) observed in J/ψ → γφφ [12] and
X(2060) observed in J/ψ → φηη′ [13] at BESIII are suggested
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to be 0−+ and 1+− T sss¯s¯ states, respectively, according to the
QCD sum rule studies [14, 15]. The assignment of X(2500) is
consistent with that in Ref. [4].
With the recent experimental progresses more quantitative
studies on the T sss¯s¯ states can be carried out and their evi-
dences can also be searched for in experiments. Very recently,
the LHCb Collaboration reported their results on the observa-
tions of tetraquark ccc¯c¯ (Tccc¯c¯) states [16]. A broad structure
above the J/ψJ/ψ threshold ranging from 6.2 to 6.8 GeV and
a narrower structure Tccc¯c¯(6900) are observed with more than
5 σ of significance level. There are also some vague structure
around 7.2 GeV to be confirmed. These observations could be
evidences for genuine Tccc¯c¯ states [17–21].
The observations of the Tccc¯c¯ states above the J/ψJ/ψ
threshold at LHCb may provide an important clue for the un-
derlying dynamics for the ccc¯c¯ system. In particular, the nar-
rowness of Tccc¯c¯(6900) suggests that the there should be more
profound mechanism that “slows down” the fall-apart decays
of such a tetraquark system. Although this may be related
to the properties of the static potential of heavy quark sys-
tems, more direct evidences are still needed to disentangle the
dynamical features between the heavy and light flavor sys-
tems. As an analogy of the Tccc¯c¯ system, there might exist
stable T sss¯s¯ states above the φφ threshold, and can likely be
observed in the di-φ mass spectrum. On the other hand, fla-
vor mixings could be important for the light flavor systems
and pure sss¯s¯ states may not exist. To answer such questions,
systematic calculations of the sss¯s¯ system should be carried
out. The BESIII experiments can provide a large data sam-
ple for the search of the T sss¯s¯ states in J/ψ and ψ(2S ) de-
cays. In theory, although there have been some predictions
of the T sss¯s¯ spectrum within the quark model [3, 4, 10] and
QCD sum rules [17–20], most of the studies focus on some
special states in a diquark-antidiquark picture. In this study
we intend to provide a systematical calculation of the mass
spectrum of the 1S , 1P and 2S -wave T sss¯s¯ states without the
diquark-antidiquark approximation in a nonrelativistic poten-
2tial quark model (NRPQM).
The NRPQM is based on the Hamiltonian proposed by
the Cornell model [22], which contains a linear confine-
ment and a one-gluon-exchange (OGE) potential for quark-
quark and quark-antiquark interactions. With the NRPQM,
we have successfully described the ss¯, cc¯, and bb¯ meson spec-
tra [2, 23, 24], and sss, ccc and bbb baryon spectra [25, 26].
Furthermore, we adopted the NRPQM for the study of both 1S
and 1P-wave all-heavy tetraquark states with a Gaussian ex-
pansion method [21, 27]. In this work we continue to extend
this method to study the T sss¯s¯ spectrum by constructing the
full tetraquark configurations without the diquark-antidiquark
approximation. With the parameters determined in our study
of the ss¯ spectrum [2], we obtain a relatively reliable predic-
tion of the mass spectrum for 36 T sss¯s¯ states, i.e., 4 1S -wave
ground states, 20 1P-wave orbital excitations, and 12 2S -wave
radial excitations.
The paper is organized as follows: a brief introduction to
the tetraquark spectrum is given in Sec. II. In Sec. III, the nu-
merical results and discussions are presented. A short sum-
mary is given in Sec. IV.
II. MASS SPECTRUM
A. Hamiltonian
We adopt a NRPQM to calculate the mass spectrum of the
sss¯s¯ system. In this model the Hamiltonian is given by
H = (
4∑
i=1
mi + Ti) − TG +
∑
i< j
Vi j(ri j), (1)
where mi and Ti stand for the constituent quark mass and ki-
netic energy of the ith quark, respectively; TG stands for the
center-of-mass (c.m.) kinetic energy of the tetraquark system;
ri j ≡ |ri − r j| is the distance between the ith and jth quark; and
Vi j(ri j) stands for the effective potential between them. In this
work the Vi j(ri j) adopts a widely used form [22–24, 28–34]:
Vi j(ri j) = V
con f
i j
(ri j) + V
sd
i j (ri j), (2)
where the confinement potential adopts the standard form
of the Cornell potential [22], which includes the spin-
independent linear confinement potential VLin
i j
(ri j) ∝ ri j and
Coulomb-like potential VCoul
i j
(ri j) ∝ 1/ri j:
V
con f
i j
(ri j) = −
3
16
(λi · λ j)
(
bi jri j −
4
3
αi j
ri j
+ C0
)
. (3)
The constant C0 stands for the zero point energy. While the
spin-dependent potential V sd
i j
(ri j) is the sum of the spin-spin
contact hyperfine potential VS S
i j
, the spin-orbit potential VS S
i j
,
and the tensor term VT
i j
:
V sdi j (ri j) = V
S S
i j + V
T
i j + V
LS
i j , (4)
with
VS Si j = −
αi j
4
(λi · λ j)

π
2
·
σ3
i j
e−σ
2
i j
r2
i j
π3/2
· 16
3mim j
(Si · S j)
 , (5)
VLSi j = −
αi j
16
λi · λ j
r3
i j
(
1
m2
i
+
1
m2
j
+
4
mim j
){
Li j · (Si + S j)
}
− αi j
16
λi · λ j
r3
i j
(
1
m2
i
− 1
m2
j
){
Li j · (Si − S j)
}
,
(6)
VTi j = −
αi j
4
(λi ·λ j) ·
1
mim jr
3
i j
{
3(Si · ri j)(S j · ri j)
r2
i j
−Si ·S j
}
. (7)
In the above equations, Si stands for the spin of the ith quark,
and Li j stands for the relative orbital angular momentum be-
tween the ith and jth quark. If the interaction occurs between
two quarks or antiquarks, the λi · λ j operator is defined as
λi · λ j ≡
∑8
a=1 λ
a
i
λa
j
, while if the interaction occurs between
a quark and an antiquark, the λi · λ j operator is defined as
λi · λ j ≡
∑8
a=1 −λai λa∗j , where λa∗ is the complex conjugate
of the Gell-Mann matrix λa. The parameters bi j and αi j de-
note the strength of the confinement and strong coupling of
the one-gluon-exchange potential, respectively.
The five parameters ms, αss, σss, bss, and C0 have been de-
termined by fitting the mass spectrum of the strangeonium in
our previous work [2]. The quark model parameters adopted
in this work are collected in the Table I.
B. Configurations classified in the quark model
To calculate the spectroscopy of a qqq¯q¯ (q ∈ {s, c, b}) sys-
tem, first we construct the configurations in the product space
of flavor, color, spin, and spatial parts.
In the color space, there are two color-singlet bases |66¯〉c
and |3¯3〉c, their wave functions are given by
|66¯〉c =
1
2
√
6
[
(rb + br)(b¯r¯ + r¯b¯) + (gr + rg)(g¯r¯ + r¯g¯)
+ (gb + bg)(b¯g¯ + g¯b¯)
+ 2(rr)(r¯r¯) + 2(gg)(g¯g¯) + 2(bb)(b¯b¯)
]
,
(8)
|3¯3〉c =
1
2
√
3
[
(br − rb)(b¯r¯ − r¯b¯) − (rg − gr)(g¯r¯ − r¯g¯)
+ (bg − gb)(b¯g¯ − g¯b¯)
]
.
(9)
In the spin space, there are six spin bases, which are de-
noted by χ
S 12S 34
S
. Where S 12 stands for the spin quantum num-
bers for the diquark (q1q2) (or antidiquark (q¯1q¯2)), while S 34
stands for the spin quantum number for the antidiquark (q¯3q¯4)
(or diquark (q3q4) ). S is the total spin quantum number of the
tetraquark qqq¯q¯ system. The spin wave functions χ
S 12S 34
S S z
with
3TABLE I: Quark model parameters used in this work.
ms (GeV) 0.60
αss 0.77
σss (GeV) 0.60
b (GeV 2) 0.135
C0 (GeV) −0.519
a determined S z (S z stands for the third component of the total
spin S) can be explicitly expressed as follows:
χ0000 =
1
2
(↑↓↑↓ − ↑↓↓↑ − ↓↑↑↓ + ↓↑↓↑), (10)
χ1100 =
√
1
12
(2 ↑↑↓↓ − ↑↓↑↓ − ↑↓↓↑
− ↓↑↑↓ − ↓↑↓↑ +2 ↓↓↑↑), (11)
χ0111 =
√
1
2
(↑↓↑↑ − ↓↑↑↑), (12)
χ1011 =
√
1
2
(↑↑↑↓ − ↑↑↓↑), (13)
χ1111 =
1
2
(↑↑↑↓ + ↑↑↓↑ − ↑↓↑↑ − ↓↑↑↑), (14)
χ1122 = ↑↑↑↑ . (15)
In the spatial space, we define the relative Jacobi coordi-
nates with the single-partial coordinates ri (i = 1, 2, 3, 4):
ξ1 ≡ r1 − r2, (16)
ξ2 ≡ r3 − r4, (17)
ξ3 ≡
m1r1 + m2r2
m1 + m2
− m3r3 + m4r4
m3 + m4
, (18)
R ≡ m1r1 + m2r2 + m3r3 + m4r4
m1 + m2 + m3 + m4
. (19)
Note that ξ1 and ξ2 stand for the relative Jacobi coordinates
between two quarks q1 and q2 (or antiquarks q¯1 and q¯2), and
two antiquarks q¯3 and q¯4 (or quarks q3 and q4), respectively.
While ξ3 stands for the relative Jacobi coordinate between di-
quark qq and anti-diquark q¯q¯.
For a qqq¯q¯ system, the spatial wave function with Jacobi
coordinates can be expressed as
ψ(ξ1, ξ2, ξ3) = ψnξ1 ,lξ1mξ1 (ξ1)ψnξ2 ,lξ2mξ2 (ξ2)ψnξ3 ,lξ3mξ3 (ξ3). (20)
The relative motion wave function ψnξi ,lξi mξi (ξi) can be further
separated by
φnξi ,lξi mξi (ξi) = Rnξi lξi (ξi)Ylξi mξi (ξˆi), (21)
where the Ylξi mξi (ξˆi) is the spherical harmonic function, and
Rnξi lξi (ξi) is the radial part. It is seen that for a excited state,
there are three spatial excitation modes corresponding to three
independent internal wave functions ψnξi ,lξi mξi (ξi) (i = 1, 2, 3),
which are denoted as ξ1, ξ2, and ξ3, respectively, in the present
work.
Considering the Pauli principle and color confinement for
the four-quark system qqq¯q¯, we have 4 configurations for 1S -
wave ground states, 20 configurations for the 1P-wave orbital
excitations, and 12 configurations for the 2S -wave radial ex-
citations. The spin-parity quantum numbers, notations, and
wave functions for these configurations are presented in Ta-
ble II. With the wave functions for all the configurations, the
mass matrix elements of the Hamiltonian can be worked out.
It should be mentioned that to work out the matrix elements
in the coordinate space, we expand the radial part Rnξ lξ (ξ) of
spatial wave function ψ(ξ) with a series of harmonic oscillator
functions [21, 25]:
Rnξ lξ (ξ) =
n∑
ℓ=1
Cξℓ φnξ lξ (dξℓ, ξ), (22)
with
φnξ lξ (dξℓ, ξ) =
(
1
dξℓ
) 3
2
[
2
lξ+2−nξ (2lξ+2nξ+1)!!√
πnξ ![(2lξ+1)!!]2
] 1
2 (
ξ
dξℓ
)lξ
×e−
1
2
(
ξ
dξℓ
)2
F
(
−nξ, lξ + 32 ,
(
ξ
dξℓ
)2)
, (23)
where F
(
−nξ, lξ + 32 ,
(
ξ
dξℓ
)2)
is the confluent hypergeometric
function. The parameter dξℓ can be related to the harmonic
oscillator frequency ωξℓ with 1/d
2
ξℓ
= Mξωξℓ. For T(sss¯s¯) the
reduced masses Mξ1 = Mξ2 = ms/2, Mξ3 = ms. On the other
hand, the harmonic oscillator frequency ωξiℓ (i = 1, 2, 3) can
be related to the harmonic oscillator stiffness factor Kℓ with
ωξiℓ =
√
4Kℓ/ms. Then, one has dξiℓ = (ms/Mξi )
1/2dℓ, dℓ =
(4msKℓ)
−1/4. The oscillator length dℓ is set to be
dℓ = d1a
ℓ−1 (ℓ = 1, ..., n), (24)
where n is the number of harmonic oscillator functions, and a
is the ratio coefficient. There are three parameters {d1, dn, n} to
be determined through the variation method. It is found that
with the parameter set {0.085 fm, 3.399 fm, 15} for the sss¯s¯
system, we can obtain stable solutions.
With the mass matrix elements ready for every configura-
tion, the mass of the tetraquark configuration and its spacial
wave function can be determined by solving a generalized
eigenvalue problem. The details can be found in our previous
works [25, 27]. Finally, the physical states can be obtained by
diagonalizing the mass matrix of different configurations with
the same JPC numbers.
III. RESULTS AND DISCUSSIONS
Our predictions of the T sss¯s¯ mass spectrum are given in Ta-
ble III, where the components of different configurations for a
physical state can be seen. For example, the two 0++ ground
states are mixing states between two different configurations
1S 0++(66¯)c and
1S 0++(3¯3)c due to a strong contribution of the con-
finement potential to the non-diagonal elements. To see the
contributions from each part of the Hamiltonian to the mass
4TABLE II: Configurations for the tetraquark qqq¯q¯ system up to the 2S -wave states.
JP(C) Configuration Wave Function
JPC=0++ 11S 0++(66¯)c ψ
1S
000
χ00
00
|66¯〉c
JPC=0++ 11S 0++(3¯3)c ψ
1S
000
χ11
00
|3¯3〉c
JPC=1+− 13S 1+−(3¯3)c ψ
1S
000
χ11
11
|3¯3〉c
JPC=2++ 15S 2++(3¯3)c ψ
1S
000
χ11
22
|3¯3〉c
JPC=0−− 13P0−−(66¯)c(ξ1 ,ξ2)
√
1
6
(
ψ
ξ1
011
χ10
1−1 − ψξ1010χ1010 + ψξ101−1χ1011 − ψξ2011χ011−1 + ψξ2010χ0110 − ψξ201−1χ0111
)
|66¯〉c
JPC=0−− 13P0−−(3¯3)c(ξ1 ,ξ2)
√
1
6
(
ψ
ξ1
011
χ01
1−1 − ψ
ξ1
010
χ01
10
+ ψ
ξ1
01−1χ
01
11
− ψξ2
011
χ10
1−1 + ψ
ξ2
010
χ10
10
− ψξ2
01−1χ
10
11
)
|3¯3〉c
JPC=0−+ 13P0−+(66¯)c(ξ1 ,ξ2)
√
1
6
(
ψ
ξ1
011
χ10
1−1 − ψ
ξ1
010
χ10
10
+ ψ
ξ1
01−1χ
10
11
+ ψ
ξ2
011
χ01
1−1 − ψ
ξ2
010
χ01
10
+ ψ
ξ2
01−1χ
01
11
)
|66¯〉c
JPC=0−+ 13P0−+(3¯3)c(ξ1 ,ξ2)
√
1
6
(
ψ
ξ1
011
χ01
1−1 − ψξ1010χ0110 + ψ
ξ1
01−1χ
01
11
+ ψ
ξ2
011
χ10
1−1 − ψξ2010χ1010 + ψ
ξ2
01−1χ
10
11
)
|3¯3〉c
JPC=0−+ 13P0−+(3¯3)c(ξ3)
√
1
3
(
ψ
ξ3
011
χ11
1−1 − ψξ3010χ1110 + ψξ301−1χ1111
)
|3¯3〉c
JPC=1−− 13P1−−(66¯)c(ξ1 ,ξ2)
1
2
(
ψ
ξ1
011
χ10
10
− ψξ1
010
χ10
11
− ψξ2
011
χ01
10
+ ψ
ξ2
010
χ01
11
)
|66¯〉c
JPC=1−− 13P1−−(3¯3)c(ξ1 ,ξ2)
1
2
(
ψ
ξ1
011
χ01
10
− ψξ1
010
χ01
11
− ψξ2
011
χ10
10
+ ψ
ξ2
010
χ10
11
)
|3¯3〉c
JPC=1−− 15P1−−(3¯3)c(ξ3)
√
1
10
ψ
ξ3
011
χ11
20
−
√
3
10
ψ
ξ3
010
χ11
21
+
√
3
5
ψ
ξ3
01−1χ
11
22
|3¯3〉c
JPC=1−− 11P1−−(3¯3)c(ξ3) ψ
ξ3
011
χ11
00
|3¯3〉c
JPC=1−− 11P1−−(66¯)c(ξ3) ψ
ξ3
011
χ00
00
|66¯〉c
JPC=1−+ 13P1−+(66¯)c(ξ1 ,ξ2)
1
2
(
ψ
ξ1
011
χ10
10
− ψξ1
010
χ10
11
+ ψ
ξ2
011
χ01
10
− ψξ2
010
χ01
11
)
|66¯〉c
JPC=1−+ 13P1−+(3¯3)c(ξ1 ,ξ2)
1
2
(
ψ
ξ1
011
χ01
10
− ψξ1
010
χ01
11
+ ψ
ξ2
011
χ10
10
− ψξ2
010
χ10
11
)
|3¯3〉c
JPC=1−+ 13P1−+(3¯3)c(ξ3)
√
1
2
(
ψ
ξ3
011
χ11
10
− ψξ3
010
χ11
11
)
|3¯3〉c
JPC=2−− 13P2−−(66¯)c(ξ1 ,ξ2)
√
1
2
(
ψ
ξ1
011
χ10
11
− ψξ2
011
χ01
11
)
|66¯〉c
JPC=2−− 13P2−−(3¯3)c(ξ1 ,ξ2)
√
1
2
(
ψ
ξ1
011
χ01
11
− ψξ2
011
χ10
11
)
|3¯3〉c
JPC=2−− 15P2−−(3¯3)c(ξ3)
√
1
3
ψ
ξ3
011
χ11
21
−
√
2
3
ψ
ξ3
010
χ11
22
|3¯3〉c
JPC=2−+ 13P2−+(66¯)c(ξ1 ,ξ2)
√
1
2
(
ψ
ξ1
011
χ10
11
+ ψ
ξ2
011
χ01
11
)
|66¯〉c
JPC=2−+ 13P2−+(3¯3)c(ξ1 ,ξ2)
√
1
2
(
ψ
ξ1
011
χ01
11
+ ψ
ξ2
011
χ10
11
)
|3¯3〉c
JPC=2−+ 13P2−+(3¯3)c(ξ3) ψ
ξ3
011
χ11
11
|3¯3〉c
JPC=3−− 15P3−−(3¯3)c(ξ3) ψ
ξ3
011
χ11
22
|3¯3〉c
JPC=0+− 21S 0+−(66¯)c(ξ1,ξ2 )
√
1
2
(
ψ
ξ1
100
χ00
00
− ψξ2
100
χ00
00
)
|66¯〉c
JPC=0+− 21S 0+−(3¯3)c(ξ1,ξ2 )
√
1
2
(
ψ
ξ1
100
χ11
00
− ψξ2
100
χ11
00
)
|3¯3〉c
JPC=0++ 21S 0++(66¯)c(ξ1,ξ2 )
√
1
2
(
ψ
ξ1
100
χ00
00
+ ψ
ξ2
100
χ00
00
)
|66¯〉c
JPC=0++ 21S 0++(3¯3)c(ξ1,ξ2 )
√
1
2
(
ψ
ξ1
100
χ11
00
+ ψ
ξ2
100
χ11
00
)
|3¯3〉c
JPC=0++ 21S 0++(66¯)c(ξ3) ψ
ξ3
100
χ00
00
|66¯〉c
JPC=0++ 21S 0++(3¯3)c(ξ3) ψ
ξ3
100
χ11
00
|3¯3〉c
JPC=1+− 23S 1+−(3¯3)c(ξ1,ξ2 )
√
1
2
(
ψ
ξ1
100
χ11
11
− ψξ2
100
χ11
11
)
|3¯3〉c
JPC=1+− 23S 1+−(3¯3)c(ξ3) ψ
ξ3
100
χ11
11
|3¯3〉c
JPC=1++ 23S 1++(3¯3)c(ξ1,ξ2 )
√
1
2
(
ψ
ξ1
100
χ11
11
+ ψ
ξ2
100
χ11
11
)
|3¯3〉c
JPC=2+− 25S 2+−(3¯3)c(ξ1,ξ2 )
√
1
2
(
ψ
ξ1
100
χ11
22
− ψξ2
100
χ11
22
)
|3¯3〉c
JPC=2++ 25S 2++(3¯3)c(ξ1,ξ2 )
√
1
2
(
ψ
ξ1
100
χ11
22
+ ψ
ξ2
100
χ11
22
)
|3¯3〉c
JPC=2++ 25S 2++(3¯3)c(ξ3) ψ
ξ3
100
χ11
22
|3¯3〉c
of different configurations, we also present our results in Ta-
ble IV. It is found that both the kinetic energy term 〈T 〉 and
the linear confinement potential term 〈VLin〉 contribute a large
positive value to the mass, while the Coulomb type potential
〈VCoul〉 has a large cancelation with these two terms. The spin-
spin interaction term 〈VS S 〉, the tensor potential term 〈VT 〉,
and/or the spin-orbit interaction term 〈VLS 〉 have also sizeable
contributions to some configurations. Thus, as a reliable cal-
5TABLE III: Predicted mass spectrum for the sss¯s¯ system.
JP(C) Configuration 〈H〉 (MeV) Mass (MeV) Eigenvector
0++
11S 0++(66¯)c
11S 0++(3¯3)c
 2367 −103−103 2297

 2223
2441


(
−0.58 −0.81
)
(
−0.81 0.58
)

1+− 13S 1+−(3¯3)c
(
2326
)
2326 1
2++ 15S 2++(3¯3)c
(
2381
)
2381 1
0−−
13P0−−(66¯)c(ξ1 ,ξ2)
13P0−−(3¯3)c(ξ1 ,ξ2)
 2635 154
154 2694

 2507
2821


(
−0.77 0.64
)
(
0.64 0.77
)

0−+
13P0−+(66¯)c(ξ1 ,ξ2)
13P0−+(3¯3)c(ξ1 ,ξ2)
13P0−+(3¯3)c(ξ3)

2616 −35 −111
−35 2685 56
−111 56 2576


2481
2635
2761


(
0.61 −0.11 0.78
)
(
−0.56 −0.76 0.34
)
(
0.56 −0.64 −0.53
)

1−−
13P1−−(66¯)c(ξ1 ,ξ2)
13P1−−(3¯3)c(ξ1 ,ξ2)
15P1−−(3¯3)c(ξ3)
11P1−−(3¯3)c(ξ3)
11P1−−(66¯)c(ξ3)

2585 −154 −89 −46 90
−154 2694 42 22 −76
−89 42 2584 −8 29
−46 22 −8 2636 −51
90 −76 29 −51 2889


2445
2567
2627
2766
2984


(
−0.80 −0.38 −0.43 −0.14 0.11
)
(
0.18 0.57 −0.78 −0.05 0.15
)
(
0.03 0.11 0.11 −0.97 −0.18
)
(
−0.42 0.57 0.43 0.00 0.56
)
(
0.38 −0.43 −0.07 −0.19 0.79
)

1−+
13P1−+(66¯)c(ξ1 ,ξ2)
13P1−+(3¯3)c(ξ1 ,ξ2)
13P1−+(3¯3)c(ξ3)

2628 95 25
95 2712 12
25 12 2633


2564
2632
2778


(
0.83 −0.51 −0.21
)
(
−0.09 0.25 −0.96
)
(
0.55 0.82 0.17
)

2−−
13P2−−(66¯)c(ξ1 ,ξ2)
13P2−−(3¯3)c(ξ1 ,ξ2)
15P2−−(3¯3)c(ξ3)

2620 −217 −50
−217 2725 24
−50 24 2665


2446
2657
2907


(
0.79 0.60 0.12
)
(
−0.03 0.23 −0.97
)
(
−0.61 0.76 0.20
)

2−+
13P2−+(66¯)c(ξ1 ,ξ2)
13P2−+(3¯3)c(ξ1 ,ξ2)
13P2−+(3¯3)c(ξ3)

2638 138 −33
138 2733 −16
−33 −16 2673


2537
2669
2837


(
0.82 −0.56 0.13
)
(
0.00 0.23 0.97
)
(
−0.58 −0.79 0.19
)

3−− 15P3−−(3¯3)c(ξ3)
(
2719
)
2719 1
0+−
21S 0+−(66¯)c(ξ1 ,ξ2)
21S 0+−(3¯3)c(ξ1 ,ξ2)
 2859 −29−29 2942

 2850
2951


(
−0.95 −0.30
)
(
−0.30 0.95
)

0++
21S 0++(66¯)c(ξ1 ,ξ2)
21S 0++(3¯3)c(ξ1 ,ξ2)
21S 0++(66¯)c(ξ3)
21S 0++(3¯3)c(ξ3)

2859 −54 61 −19
−54 2903 20 −48
61 20 3217 40
−19 −48 40 2856


2780
2875
2948
3230


(
0.61 0.52 −0.16 0.57
)
(
0.67 0.02 −0.03 −0.74
)
(
0.39 −0.85 −0.08 0.33
)
(
0.15 0.02 0.98 0.09
)

1+−
23S 1+−(3¯3)c(ξ1 ,ξ2)
23S 1+−(3¯3)c(ξ3)
 2954 0
0 2867

 2867
2954


(
0 1
)
(
1 0
)

1++ 23S 1++(3¯3)c(ξ1 ,ξ2)
(
2919
)
2919 1
2+− 25S 2+−(3¯3)c(ξ1 ,ξ2)
(
2977
)
2977 1
2++
25S 2++(3¯3)c(ξ1 ,ξ2)
25S 2++(3¯3)c(ξ3)
 2952 −28−28 2888

 2877
2962


(
−0.35 −0.94
)
(
−0.94 0.35
)

culation, both the spin-independent and spin-dependent po-
tentials should be reasonably included for the sss¯s¯ system.
For clarity, our predicted T sss¯s¯ spectrum is plotted in Fig. 1.
A. S -wave states
There are four 1S -wave T sss¯s¯ states with J
PC =
0++, 1+−, 2++ in the quark model. Their masses are predicted
to be in the range of 2.22 − 2.45 GeV. In contrast, the 2S
wave includes twelve states. Except for the highest mass state
T(sss¯s¯)0++ (3230), their masses lie in a relative narrow range of
2.78 − 2.98 GeV. Apart from the conventional quantum num-
bers, i.e., JPC = 0++, 1++, 1+−, 2++, the 2S -wave can access
exotic quantum numbers, i.e., JPC = 0+−, 2+−.
6TABLE IV: The average contributions of each part of the Hamiltonian to the sss¯s¯ configurations. 〈T 〉 stands for the contribution of the kinetic
energy term. 〈VLin〉 and 〈VCoul〉 stand for the contributions from the linear confinement potential and Coulomb type potential, respectively.
〈VS S 〉, 〈VT 〉, and 〈VLS 〉 stand for the contributions from the spin-spin interaction term, the tensor potential term, and the spin-orbit interaction
term, respectively.
JP(C) Configuration Mass 〈T 〉 〈VLin〉 〈VCoul〉 〈VS S 〉 〈VT 〉 〈VLS 〉
0++
11S 0++(66¯)c
11S 0++(3¯3)c
2367
2297
805
881
930
890
−770
−807
40.07
−29.72
1+− 13S 1+−(3¯3)c 2326 849 907 −792 0.00
2++ 15S 2++(3¯3)c 2381 791 938 −763 52.33
0−−
13P0−−(66¯)c(ξ1,ξ2 )
13P0−−(3¯3)c(ξ1,ξ2 )
2635
2694
827
902
1077
1094
−659
−644
4.42
−0.95
34.92
9.02
−11.64
−27.06
0−+
13P0−+(66¯)c(ξ1,ξ2 )
13P0−+(3¯3)c(ξ1,ξ2 )
13P0−+(3¯3)c(ξ3)
2616
2685
2576
862
921
976
1056
1083
1015
−675
−651
−703
26.93
8.30
9.95
−4.20
−9.39
−20.88
−12.60
−28.16
−62.65
1−−
13P1−−(66¯)c(ξ1,ξ2 )
13P1−−(3¯3)c(ξ1,ξ2 )
15P1−−(3¯3)c(ξ3)
11P1−−(3¯3)c(ξ3)
11P1−−(66¯)c(ξ3)
2585
2694
2584
2636
2889
895
902
972
876
847
1037
1094
1018
1068
1210
−688
−644
−702
−665
−564
5.06
−0.95
43.08
−5.24
33.27
−20.11
−4.51
−14.60
0
0
−6.70
−13.53
−93.87
0
0
1−+
13P1−+(66¯)c(ξ1,ξ2 )
13P1−+(3¯3)c(ξ1,ξ2 )
13P1−+(3¯3)c(ξ3)
2628
2712
2633
845
881
883
1066
1106
1064
−667
−636
−668
26.33
8.27
9.07
2.03
4.33
8.73
−6.08
−13.00
−26.18
2−−
13P2−−(66¯)c(ξ1,ξ2 )
13P2−−(3¯3)c(ξ1,ξ2 )
15P2−−(3¯3)c(ξ3)
2620
2725
2665
845
859
845
1066
1120
1087
−667
−628
−652
4.59
−0.58
35.76
3.63
0.83
11.32
6.05
12.40
−24.26
2−+
13P2−+(66¯)c(ξ1,ξ2 )
13P2−+(3¯3)c(ξ1,ξ2 )
13P2−+(3¯3)c(ξ3)
2638
2733
2673
832
854
830
1074
1123
1097
−662
−626
−646
25.87
8.22
8.52
−0.39
−0.82
−1.56
5.91
12.2
23.43
3−− 15P3−−(3¯3)c(ξ3) 2719 779 1131 −625 31.92 −2.80 41.96
0+−
21S 0+−(66¯)c(ξ1,ξ2 )
21S 0+−(3¯3)c(ξ1,ξ2 )
2859
2942
724
936
1143
1246
−386
−599
15.94
−4.09
0++
21S 0++(66¯)c(ξ1,ξ2 )
21S 0++(3¯3)c(ξ1,ξ2 )
21S 0++(66¯)c(ξ3)
21S 0++(3¯3)c(ξ3)
2859
2903
3217
2856
848
957
905
897
1177
1236
1389
1186
−552
−639
−467
−586
24.92
−12.68
27.06
−3.69
1+−
23S 1+−(3¯3)c(ξ1,ξ2 )
23S 1+−(3¯3)c(ξ3)
2954
2867
921
884
1254
1192
−591
−578
7.97
7.36
1++ 3S 1++(3¯3)c(ξ1 ,ξ2) 2919 938 1247 −631 4.36
2+− 25S 2+−(3¯3)c(ξ1,ξ2 ) 2977 893 1270 −578 30.15
2++
25S 2++(3¯3)c(ξ1,ξ2 )
25S 2++(3¯3)c(ξ3)
2952
2888
903
859
1267
1203
−616
−564
35.64
27.60
1. 0++ states
In the 1S -wave mutiplets, the two 0++ ground states in-
clude T(sss¯s¯)0++ (2223) and T(sss¯s¯)0++ (2441). Their mass split-
ting reaches up to about 200 MeV. These two states have
a strong mixing between the two color structures |66¯〉c and
|3¯3〉c. Their masses are much larger than the mass thresh-
old of φφ. Thus, they may easily decay into φφ pair through
quark rearrangements. The mass of the lowest 0++ T sss¯s¯ in
our model is close to the prediction of 2203 MeV in the rel-
ativistic diquark-antidiquark model [3]. However, it turns out
to be much higher than the predicted value 1716 MeV by the
relativized quark model with a diquark-antidiquark approxi-
mation [4].
In the 2S -wave sector, there are four 0++ states,
T(sss¯s¯)0++ (2780), T(sss¯s¯)0++ (2875), T(sss¯s¯)0++ (2948), and
T(sss¯s¯)0++ (3230), predicted in the NRPQM. A strong mixing
between the two color structures |66¯〉c and |3¯3〉c is also
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FIG. 1: Mass spectrum for the sss¯s¯ system.
found among these states. In particular, the radial excitation
modes (ξ1, ξ2) and (ξ3) strongly mix with each other. The
highest state T(sss¯s¯)0++ (3230) is nearly a pure configuration of
1S 0++(66¯)c(ξ3), with the color structure |66¯〉c and the radial exci-
tation between diquark (ss) and anti-diquark (s¯s¯). The special
color structure of T(sss¯s¯)0++ (3230) leads to a rather large mass
gap ∆ ≃ 280 MeV from the nearby T(sss¯s¯)0++ (2948). These
2S -wave 0++ sss¯s¯ states may easily decay into φφ, φφ(1680)
final states through quark rearrangements. They may also
easily decay into K0s K
0
s and K
+K− final states through the ss¯
annihilation and a pair of nonstrange qq¯ creation. One also
notices that these states may directly decay into ΞΞ¯ baryon
pair with a light qq¯ pair creation.
Some evidences for T(sss¯s¯)0++ (2223) and T(sss¯s¯)0++ (2441)
may have been seen in the previous experiments. Recently,
Kozhevnikov carried out a dynamical analysis of the reso-
nance contributions to J/ψ → γX → γφφ [35] with the
data from BESIII [12]. Two 0++ resonances with masses at
∼ 2.2 GeV and ∼ 2.4 GeV, were extracted from the data. Ev-
idence for a scalar around 2.2 GeV in the φφ mass spectra in
B0s → J/ψφφ [36] was also reported by Ref. [37]. Considering
the mass and decay mode, these two scalar structures may be
good candidates for T(sss¯s¯)0++ (2223) and T(sss¯s¯)0++ (2441).
It should be mentioned that f0(2200) is listed in RPP [1] as
a well-established state. It has been seen in the K0s K
0
s , K
+K−
and ηη, and may be assigned to T(sss¯s¯)0++ (2223). Some qual-
itative features can be expected: (i) The 0++ T sss¯s¯ state can
decay into ηη, η′η′, and ηη′ through quark rearrangements via
the ss¯ component in the η and η′ mesons. An approximate
branching ratio fraction can be examined: BR(ηη) : BR(η′η′) :
BR(ηη′) ≃ sin4 αP : cos4 αP : 2 sin2 αP cos2 αP ≃ 0.24 : 0.25 :
0.50, with αP ≡ arctan
√
2+θP ≃ 44.7◦ and without including
the phase space factors. (ii) The 0++ states may also easily
decay into K0s K
0
s and K
+K− final states through annihilating a
pair of ss¯ and creating a pair of light qq¯. (iii) It is interesting
to note that no conventional 0++ ss¯ states are predicted around
2.2 GeV in most literatures [2].
To establish the 0++ ground states T(sss¯s¯)0++ (2223) and
T(sss¯s¯)0++ (2441), a combined study of decay channels, such
as φφ, K0s K
0
s , K
+K−, ηη, η′η′, and ηη′, should be necessary.
The 2S -wave 0++ states can be probed in these meson pair de-
cay channels including higher channels such as φφ(1680), and
some baryon pair decay channels such as ΞΞ¯.
2. 2++ states
There is only one 2++ state T(sss¯s¯)2++ (2381) in the 1S -wave
states. This state lies between the two 0++ ground states, and
has a pure |3¯3〉c color structure. T(sss¯s¯)2++ (2381) may have
large decay rates into the φφ, ηη and η′η′ final states through
quark rearrangements, and/or into K(∗)K¯(∗) final states through
the annihilation of ss¯ and creation of a pair of nonstrange qq¯.
The f2(2340) resonance listed in RPP [1] may be assigned
8to T(sss¯s¯)2++ (2381). Besides the measured mass 2345
+50
−40 MeV,
the observed decay modes φφ and ηη are consistent with the
expectation of the tetraquark scenario. On the other hand,
as a conventional ss¯ state the f2(2340) cannot be easily ac-
commodated by the quark model expectation [2]. The rela-
tivistic quark model calculation of Ref. [3] also supports the
f2(2340) to be assigned as the T sss¯s¯ ground state with 2
++.
To confirm this assignment, the other main decay modes of
T(sss¯s¯)2++ (2381) such as ηη
′, η′η′, K(∗)K¯(∗) should be investi-
gated in experiment.
For the 2S -wave sector, there are two 2++ sss¯s¯ states
T(sss¯s¯)2++ (2877) and T(sss¯s¯)2++ (2962) predicted in our model,
which are dominated by the 5S 2++(3¯3)c(ξ3) and
5S 2++(3¯3)c(ξ1,ξ2)
configurations, respectively. Their masses are predicted to be
above the thresholds of φφ, φφ(1680) and Ξ(1530)Ξ¯. There-
fore, experimental search for their signals in these decay
channels should be helpful for understanding these tensor
tetraquarks.
3. 1+− states
In the 1S -wave multiplets T(sss¯s¯)1+− (2326) is the only state
with C = −1, and has a pure |3¯3〉c color structure. Its
mass is about 100 MeV larger than the lowest 1S -wave state
T(sss¯s¯)0++ (2223). Its mass is about 200 ∼ 300 MeV larger than
that predicted by the QCD sum rules [15] and the relativized
quark model [4] in the diquark picture.
T(sss¯s¯)1+− (2326) may easily decay into ηφ and η
′φ through
the quark rearrangements. The decay of ψ′/J/ψ → φηη′ can
access this state in ηφ and η′φ channels. It should be men-
tioned that some hints of T(sss¯s¯)1+− (2326)may have been found
in the η′φ invariant mass spectrum around 2.3 − 2.4 GeV by
observing the J/ψ → φηη′ reaction at BESIII recently [13].
For the 2S -wave sector, there are two states, i.e. 1+− sss¯s¯
T(sss¯s¯)1+− (2867) and T(sss¯s¯)1+− (2959) predicted in the quark
model. There are no configurationmixings in these two states.
T(sss¯s¯)1+− (2867) has a pure |3¯3〉c color structure, and the radial
excitation occurs between diquark (ss) and anti-diquark (s¯s¯)
(i.e., the ξ3 mode). In contrast, although T(sss¯s¯)1+− (2959) has
also a pure |3¯3〉c color structure, its radial excitation occurs in
the diquark (ss) and anti-diquark (s¯s¯). Apart from the ηφ and
η′φ decay channels it may favor decays into a pseudoscalar
plus a radially excited vector (i.e., ηφ(1680) and η′φ(1680)),
or a radially excited pseudoscalar plus a vector (i.e., η(1295)φ
and η(1405)φ), through the quark rearrangements.
It should be mentioned that in Refs. [9, 15] the authors sug-
gest that the new structure X(2063) observed in the J/ψ →
φηη′ at BESIII [13] could be a 1+− T sss¯s¯ candidate accord-
ing to the QCD sum rule calculation. However, the observed
mass of X(2063) is too small to be comparable with our quark
model predictions.
4. 0+− and 2+− states
In the 2S -wave multiplets, there are two 0+− states,
T(sss¯s¯)0+− (2850) and T(sss¯s¯)0+− (2951), predicted in the NR-
PQM, whose configurations are dominated by 1S 0+−(66¯)c(ξ1 ,ξ2)
and 1S 0+−(3¯3)c(ξ1,ξ2), respectively. There is only one 2
+−
state T(sss¯s¯)2+− (2977) corresponding to the configuration
5S 2+−(3¯3)c(ξ1,ξ2). The 0
+− and 2+− are exotic quantum num-
bers which cannot be accommodated by the conventional qq¯
scenario. The P-wave decays into the ηh1(1P) and η
′h1(1P)
channels could be useful for the search for these states in ex-
periments.
B. 1P-wave states
There are twenty 1P-wave T sss¯s¯ states predicted in the NR-
PQM. Apart from the conventional quantum numbers, i.e.,
JPC = 0−+, 1−−, 2−+, 2−−, 3−−, the P-wave can access exotic
quantum numbers, i.e., JPC = 0−−, 1−+. The masses of the
1P-wave T sss¯s¯ states scatter in a wide range of about 2.4− 3.0
GeV. The masses of the low-lying 1P-wave states may highly
overlap with the heaviest 1S -wave state T(sss¯s¯)0++ (2441).
1. 0−+ states
There are three 0−+ states, T(sss¯s¯)0−+ (2481), T(sss¯s¯)0−+ (2635),
and T(sss¯s¯)0−+ (2761), predicted in the NRPQM. They are mixed
states with two color structures |66¯〉c and |3¯3〉c, and also mixed
states between two orbital excitations (ξ1, ξ2) and ξ3 modes.
They can decay into φh1(1P) via an S wave, or φφ via a P
wave, through the quark rearrangements.
In 2016, the BESIII Collaboration observed a new reso-
nance X(2500) with a mass of 2470+15−19
+101
−23 MeV and a width
of 230+64−35
+56
−33 MeV in J/ψ → γφφ [12]. The preferred spin-
parity numbers for X(2500) are JPC = 0−+ [12]. The X(2500)
resonance may be a candidate for T(sss¯s¯)0−+ (2481) in terms of
mass, decay modes and quantum numbers although X(2500)
may favor the 41S 0 ss¯ state as suggested in our previous
work [2]. In the recent work of Ref. [14], the authors also sug-
gested X(2500) to be a 0−+ T sss¯s¯ state according to the QCD
sum rule studies. A measurement of the branching fraction
of B[X(2500) → φφ] might provide a test of the nature of
X(2500). The decay rate of T(sss¯s¯)0−+ (2481) into φφ through
the quark rearrangements should be significantly larger than
that via an ss¯ pair production for the 41S 0 ss¯ state.
2. 1−− states
There are five 1−− states, T(sss¯s¯)1−− (2445), T(sss¯s¯)1−− (2567),
T(sss¯s¯)1−− (2627), T(sss¯s¯)1−− (2766), and T(sss¯s¯)1−− (2984), pre-
dicted in the NRPQM. Their masses scatter in a rather
wide range of about 2.4 − 3.0 GeV. From Table III, it is
found that there are obvious configuration mixings in these
tetraquark states except that T(sss¯s¯)1−− (2627) may nearly be
a pure 1P1−−(3¯3)c(ξ3) state. The lowest state T(sss¯s¯)1−− (2445) is
dominated by the 3P1−−(66¯)c(ξ1,ξ2) configuration. Its orbital ex-
citation mainly occurs within the diquark (ss) or anti-diquark
9(s¯s¯). Meanwhile, the highest state T(sss¯s¯)1−− (2984) is domi-
nated by the 1P1−−(66¯)c(ξ3) configuration, and the orbital excita-
tion occurs between the diquark (ss) and anti-diquark (s¯s¯).
The vector meson φ(2170) in RPP [1] is suggested to be
a 1−− T sss¯s¯ state in the literature [5–10] since it is hard to
be explained as a conventional meson state according to its
measured decay modes [38, 39]. Furthermore, the X(2239)
resonance, which was observed in e+e− → K+K− by the BE-
SIII Collaboration [11], was suggested to be a candidate of the
lowest 1−− T sss¯s¯ state by comparing with the mass spectrum
from the relativized quark model [4]. However, our calcu-
lations indicate that neither φ(2170) nor X(2239) can be as-
signed to a 1−− T sss¯s¯ state since their measured masses are
much lower than our predictions.
The 1−− T sss¯s¯ states may have large decay rates into
the f0(980)φ via an S wave, or into ηφ and η
′φ via a P
wave. There are some experimental evidences for struc-
tures around 2.4 GeV observed in the f0(980)φ invariant
mass spectrum from BABAR [40, 41], Belle [42], BESII [43],
and BESIII [44], which could be signals of the 1−− sss¯s¯
tetraquark states [45]. For the heavier states T(sss¯s¯)1−− (2766)
and T(sss¯s¯)1−− (2984), they can also decay into ΞΞ¯ baryon pair
through a qq¯ pair production in vacuum. Thus, experimental
search for these states in e+e− → ΞΞ¯ should be very interest-
ing.
3. 1−+ states
There are three 1−+ states, T(sss¯s¯)1−+ (2564), T(sss¯s¯)1−+ (2632),
and T(sss¯s¯)1−+ (2778), predicted in the NRPQM. Note that 1
−+
are exotic quantum numbers which cannot be accommo-
dated by the conventional qq¯ scenario. Both the lowest mass
state T(sss¯s¯)1−+ (2564) and highest mass state T(sss¯s¯)1−+ (2778)
are mixed states between the two color structures |66¯〉c and
|3¯3〉c, and their orbital excitations are dominated by the (ξ1, ξ2)
mode. The middle state T(sss¯s¯)1−+ (2632) is dominated by
the 3P1−+(3¯3)c(ξ3) configuration of which the orbital excitation
mainly occurs between the diquark (ss) and anti-diquark (s¯s¯).
It should be noted that a corresponding state in the relativized
quark model [4] has a mass of 2581 MeV, which is about 50
MeV smaller than our prediction.
These 1−+ T sss¯s¯ states may easily decay into φh1(1P),
η(
′) f1(1420), φφ channels through the quark rearrangements.
They can be searched for in χcJ(1P) → ηφφ, φK∗K with suf-
ficient χcJ(1P) data samples at BESIII, although no obvious
structures were found in previous observations [46, 47].
4. 2−+ states
There are three 2−+ states, T(sss¯s¯)2−+ (2537), T(sss¯s¯)2−+ (2669),
and T(sss¯s¯)2−+ (2837), predicted in the NRPQM. Both the
lowest mass state T(sss¯s¯)2−+ (2537) and highest mass state
T(sss¯s¯)2−+ (2837) are mixed states between the two color struc-
tures |66¯〉c and |3¯3〉c. Their orbital excitations are dominated
by the (ξ1, ξ2) mode. The middle state T(sss¯s¯)2−+ (2669) is dom-
inated by the 3P2−+(3¯3)c(ξ3) configuration of which the orbital
excitation occurs between the diquark (ss) and anti-diquark
(s¯s¯). A corresponding state in the relativized quark model [4]
has a mass of 2619 MeV, which is about 50 MeV smaller than
our prediction.
These 2−+ T sss¯s¯ states may easily fall apart into φh1(1P)
and η f ′
2
(1525) in an S wave, or into φφ in a P wave
through the quark rearrangements. For the high mass state
T(sss¯s¯)2−+ (2837), the strong decay mode ΞΞ¯ also opens. These
states can be searched for in χc2(1P) → ηT(sss¯s¯)2−+ →
ηη f ′
2
(1525) → ηηKK¯ at BESIII with the sufficient χc2(1P)
data samples.
5. 0−− states
There are two states with exotic quantum numbers of 0−−,
T(sss¯s¯)0−− (2507) and T(sss¯s¯)0−− (2821), predicted in the NRPQM.
These two states have a strong mixing between the two color
structures |66¯〉c and |3¯3〉c. The orbital excitation is the (ξ1, ξ2)
mode, i.e., the excitation occurs within the diquark (ss) or
anti-diquark (s¯s¯). These two states may have large decay
rates into φ f1(1285) and φ f1(1420) in an S wave, or into
ηφ and η′φ in a P wave through the quark rearrangements.
These 0−− exotic states may be produced by the reactions
e+e− → η(′)X → η(′)η(′)φ or J/ψ → η(′)η(′)φ.
6. 2−− states
There are three 2−− states, T(sss¯s¯)2−− (2446), T(sss¯s¯)2−− (2657),
and T(sss¯s¯)2−− (2907), predicted in the NRPQM. Both the
lowest mass state T(sss¯s¯)2−− (2446) and highest mass state
T(sss¯s¯)2−− (2907) are mixed states between the two color struc-
tures, |66¯〉c and |3¯3〉c, and their orbital excitations are domi-
nated by the (ξ1, ξ2) mode. The middle state T(sss¯s¯)2−− (2657)
is dominated by the 3P2−−(3¯3)c(ξ3) configuration, of which the
orbital excitation occurs between the diquark (ss) and anti-
diquark (s¯s¯). A corresponding state in the relativized quark
model [4] has a mass of 2622 MeV, which is consistent
with our prediction. These 2−− states may easily decay into
φ f1(1285), φ f1(1420), and φ f
′
2
(1525) in an S wave, or into
ηφ, η′φ in a P wave through the quark rearrangements. They
can also be searched for in e+e− → η(′)X → η(′)η(′)φ or vector
charmonium decays such as J/ψ → ηηφ.
7. 3−− state
There is only one 3−− state T(sss¯s¯)3−− (2719) predicted in the
NRPQM. This state has a pure color structure |3¯3〉c, and also
a pure orbital excitation between the diquark (ss) and anti-
diquark (s¯s¯). Our predicted mass is about 60 MeV larger than
that predicted by the relativized quark model [4] with a di-
quark approximation. The 3−− states may easily decay into
φ f ′
2
(1525) in an S wave by the quark rearrangements. Since it
has a high spin, it may be produced relatively easier in pp¯ or
pp collisions.
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IV. SUMMARY
In this work we predict a mass spectrum for the 1S -, 1P-
and 2S -wave T sss¯s¯ states in a nonrelativistic potential quark
model without the often-adopted diquark-antidiquark approx-
imation. The 1S -wave ground states lie in the mass range of
∼ 2.22 − 2.45 GeV, while the 1P- and 2S -wave states scatter
in a rather wide mass range of ∼ 2.44− 2.99 GeV. For the 2S -
wave states, except for the highest state T(sss¯s¯)0++ (3230) all the
other states lie in a relatively narrow range of ∼ 2.78 − 2.98
GeV. We find that most of the physical states are mixed states
with different configurations.
For the sss¯s¯ system it shows that both the kinetic energy 〈T 〉
and the linear confinement potential 〈VLin〉 contribute a large
positive value to the mass, while the Coulomb type potential
〈VCoul〉 has a large cancelation with the these two terms. The
spin-spin interaction 〈VS S 〉, tensor potential 〈VT 〉, and/or the
spin-orbit interaction term 〈VLS 〉 also have sizeable contribu-
tions to some configurations.
Some T sss¯s¯ states may have shown hints in experiments. For
instance, the observed decay modes and masses of f0(2200)
and f2(2340) listed in RPP [1] could be good candidates for
the ground states T(sss¯s¯)0++ (2223) and T(sss¯s¯)2++ (2381), respec-
tively. The newly observed X(2500) at BESIII may be a can-
didate for the lowest mass 1P-wave 0−+ state T(sss¯s¯)0−+ (2481).
Another 0++ ground state T(sss¯s¯)0++ (2441) may have shown
signals in the φφ channel at BESIII [12, 35]. Our calcula-
tion shows that φ(2170) may not favor a vector state of T sss¯s¯,
because of the much higher mass obtained in our model.
It should be stressed that as a flavor partner of Tccc¯c¯, the
T sss¯s¯ system may have very different dynamical features that
need further studies. One crucial point is that the strange
quark is rather light and the light flavor mixing effects could
become non-negligible. It suggests that strong couplings be-
tween T sss¯s¯ and open strangeness channels could be sizeable.
As a consequence, mixings between T sss¯s¯ and T sqs¯q¯ would be
inevitable. For an S wave strong coupling, it may also lead
to configuration mixings which can be interpreted as hadronic
molecules for a near-threshold structure. In such a sense, this
study can set up a reference on the basis of orthogonal states.
More elaborated dynamics can be investigated by including
the hadron interactions in the Hamiltonian. For states with
exotic quantum numbers, experimental searches for their sig-
nals can be carried out at BESIII and Belle-II.
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